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Abstract A high-resolution chromosome arm-specific
mapping population was used in an attempt to locate/detect
gene(s)/QTL for different root traits on the short arm of rye
chromosome 1 (1RS) in bread wheat. This population con-
sisted of induced homoeologous recombinants of 1RS with
1BS, each originating from a different crossover event and
distinct from all other recombinants in the proportions of rye
and wheat chromatin present. It provides a simple and
powerful approach to detect even small QTL effects using
fewer progeny. A promising empirical Bayes method was
applied to estimate additive and epistatic effects for all
possible marker pairs simultaneously in a single model. This
method has an advantage for QTL analysis in minimizing the
error variance and detecting interaction effects between loci
with no main effect. A total of 15 QTL effects, 6 additive and
9 epistatic, were detected for different traits of root length
and root weight in 1RS wheat. Epistatic interactions were
further partitioned into inter-genomic (wheat and rye alleles)
and intra-genomic (rye–rye or wheat–wheat alleles) inter-
actions affecting various root traits. Four common regions
were identified involving all the QTL for root traits. Two
regions carried QTL for almost all the root traits and were
responsible for all the epistatic interactions. Evidence for
inter-genomic interactions is provided. Comparison of mean
values supported the QTL detection.
Introduction
Roots, the hidden half of a plant, are important for
numerous functions including water and nutrient uptake
that make it difficult to overlook their importance to plant
productivity (MacMillan et al. 2006). It is an irony that this
organ has inspired so few plant scientists to work relative
to the number who work on above-ground plant parts. The
limited research effort in improvement of roots may be
because of the difficulty in observing, measuring, and
manipulating them (Shen et al. 2001).
Rye (Secale cereale L., 2n = 2x = 14, genome formula
RR) is well known for its abiotic stress tolerance (Hackauf
et al. 2009) and resistance against diseases and pests
(Zeller and Hsam 1984). Very likely, those resistances
facilitated the selection and establishment of a spontaneous
centric rye–wheat translocation 1RS.1BL in place of
chromosome 1B of bread wheat (Triticum aestivum L.,
2n = 6x = 42, genome formula BBAADD) (Mettin et al.
1973). The translocation spread throughout the world even
when these resistance genes were overcome and eventually
made it into hundreds of released cultivars (Braun et al.
1998). It was realized that the translocation increased grain
yield even in the absence of pathogens (Villareal et al.
1991), and this yield gain was partly attributed to a sub-
stantially increased root biomass (Ehdaie et al. 2003;
Ehdaie and Waines 2008). A larger root system increases
uptake of water and nutrients from the soil (Ehdaie et al.
2003).
Cereal roots have two main classes, seminal roots and
nodal roots (Esau 1965). Seminal roots originate from the
germinating embryonic hypocotyls, and nodal roots emerge
from the coleoptile nodes at the base of the apical culm
(Manske and Vlek 2002). Weaver (1926) compared the
root systems of rye and bread wheat, and reported rye had
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longer seminal roots. The genetic control of root charac-
teristics is poorly understood as the growth pattern changes
greatly depending on the environment and it is obscured
from direct observation. Root traits are believed to be
complex and controlled by many genes, each with a small
genetic effect. Genetic loci controlling such traits are called
quantitative trait loci (QTL). With the advent of molecular
markers, it has become possible to estimate the genome
location and size of QTL, including those for root char-
acters. Research has recently been undertaken to map root
QTL in rice (Oryza sativa L.) (Champoux et al. 1995; Price
and Tomos 1997; Zheng et al. 2000), maize (Zea mays L.)
(Lebreton et al. 1995), common bean (Phaseolus vulgaris
L.) (Ochoa et al. 2006), and Arabidopsis (Gerald et al.
2006). In wheat, many QTL have been identified for above-
ground traits of agronomic importance (Spielmeyer et al.
2007; Maccaferri et al. 2008; Zhang et al. 2008) but no
information on root genes or QTL has been reported.
Disregarding root pathogens, the most recent wheat gene
catalog contains not a single reference to roots (http://
wheat.pw.usda.gov/GG2/Triticum/wgc/2008/; McIntosh et al.
2003).
Most quantitative traits are determined by many inter-
acting loci with small genetic effects that are modified by
environmental factors (Falconer and Mackay 1996).
Interaction of these alleles at different loci is called epis-
tasis (Fisher 1918; Holland 2001). Epistasis is now con-
sidered an important source of genetic variation with some
components, especially Additive 9 Additive receiving
more attention (Goodnight 2000; Jannink 2003) due to
their heritable nature (Ehdaie and Cress 1973). Efficient
methods have been developed to map QTL with additive
(main) effects (Lander and Botstein 1989; Xu 2003a;
Zhang et al. 2005), but mapping QTL with epistatic effects
is still at an early stage. There were efforts to detect
epistasis using Bayesian models (Yi et al. 2003, 2006), but
they were unable to guarantee detection of all such effects.
The Bayesian approach uses a given prior distribution (a
prior estimate of an unobserved parameter) and Markov
chain Monte Carlo (MCMC) sampling to infer posterior
distribution conditional on the data (observable) (Wu et al.
2007). Recently, Xu (2007) developed an empirical Bayes
method (E-BAYES) that requires no MCMC samplings,
yet still estimates the variance parameters for the priors of
the regression coefficients. Simultaneous estimation of
individual additive (main) effects of all markers and their
epistatic effects in all combinations make this approach
useful to study gene interactions where many may go
undetected.
Recent studies have shown the efficiency of chromo-
some-specific mapping populations over traditional crosses
in detecting a given effect with fewer progenies (Singer
et al. 2004). The power of such a population, in a statistical
sense, has been demonstrated in animal studies such as
mice (Mus musculus) (Nadeau et al. 2000; Belknap 2003;
Singer et al. 2004). In plants, stepped aligned recombinant
inbred strains (STAIRS) were generated in Arabidopsis,
using chromosome substitution strains (Koumproglou et al.
2002), but there is no detailed report until now on using
such a mapping population for analysis of complex traits. It
is another irony that chromosome substitution lines have
been incorporated in wheat genetics and breeding programs
since the 1950s (Sears 1953; Law et al. 1987), but it is only
now when they were re-invented in Arabidopsis that they
are being appreciated for generating chromosome-specific
mapping populations to study quantitative traits. This
article presents a first ever attempt to characterize QTL
effects for wheat root traits, using the E-BAYES method in
combination with a chromosome-specific mapping popu-
lation. Here, we report the detection of additive and epi-
static effects and also further dissection of gene interaction
effects into inter-genomic and intra-genomic epistatic
effects.
Materials and methods
Mapping population
The root study was done on 29 recombinant lines, each
having a different recombination breakpoint. These 29
lines were selected from a population of 68 1RS-1BS
recombinants used earlier to generate the 1RS-1BS inte-
grated map (Sharma et al. 2009), to represent all map
intervals. ‘‘Pavon 76’’ (spring wheat from CIMMYT,
Mexico) and Pavon 1RS.1BL were used as parents to
generate the mapping population; recombination of 1RS-
1BS was induced by the absence of the Ph1 locus (Lu-
kaszewski 2000). The integrated map consisted of 20
polymorphic physical and molecular markers in 15 inter-
vals spanning 35–40% of the physical length of the chro-
mosome arm, with average spacing of ca. 2.5 cM (Sharma
et al. 2009). Given that each translocation is a product of an
independent and single crossover event, the total map
length must equal 50 cM, and the 68 1RS-1BS recombi-
nation breakpoints produced the average map resolution of
0.7 cM. The recombinants were divided into two groups on
the basis of the configuration: the rye segment in a terminal
position (1B?lines) or rye segment in a proximal position
(T-lines).
Phenotyping
In addition to the 29 recombinant lines viz., 1B?1, 1B?2,
1B?5, 1B?6, 1B?12, 1B?14, 1B?19, 1B?25, 1B?32,
1B?35, 1B?38, 1B?40, 1B?42, 1B?44, 1B?53, T-1,
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T-9, T-14, T-15, T-16, T-18, T-26, T-27, T-32, T-33, T-34,
T-47, T-50, and T-51, the experiment also included Pavon
76, Pavon 1RS.1BL, and Pavon Dt. 1BL as checks, for the
total of 32 lines. All materials were grown under natural
photoperiod in a temperature-controlled glasshouse
(20–30C and 50–90% relative humidity) in a randomized
complete block design with four replications during Spring
2007, Fall 2007, Winter 2008, and Fall 2008. Plants were
grown in sand culture in 80 cm long and 10 cm wide PVC
tubes, with polyethylene tubular inner sleeves and regularly
watered with half-strength Hoagland’s solution to ensure
adequate nutrient supply. Plants were harvested 45 days
after germination at the mid-late tillering stage, and roots
were washed free of sand by the floatation technique
(Bo¨hm 1979). Various plant characters were measured. The
shoot characters measured were; the longest leaf length
(LL) (cm), maximum width of the longest leaf (LW) (cm),
leaf area (LA) (cm2), plant height (PH) (cm), number of
tillers per plant (NT), dry shoot biomass (SB) (g), and the
root characters were number of roots greater than 30 cm
(NR), longest root length (LRL) (cm), total length of roots
greater than 30 cm (TRL) (cm), shallow root weight
(depth \ 30 cm) (SRW) (g), deep root weight (depth [
30 cm) (DRW) (g), total root weight (TRW) (g), and root
biomass to shoot biomass ratio (R/S).
The genotype of each marker was coded as ?1 for the
wheat allele and -1 for the rye allele. The overall mean
phenotypic value of each line across the environments was
taken as the input phenotype for that line representing the
genotypic value of that line. All QTL detected would
represent those showing consistent effects across
environments.
Statistical analysis
The empirical Bayes method was used in the data analysis
(Xu 2007). The linear model to describe the vector of
phenotypic values for a trait is:
y ¼ 1l þ
Xm
l¼1
Glcl þ
Xm
l0 [ l
ðGl  Gl0 Þcll0 þ e; ð1Þ
where y is an n 9 1 vector, l is the population mean, Gl is
genotype indicator variable for a given locus l, cl is the
additive effect for locus l, cll0 is epistatic effect between
loci l and l0, and e is the residual error. The notation
Gl 9 Gl0 represents the direct product of vectors Gl and
Gl0. Excluding l, the total number of QTL effects for
m = 15 markers is p = m(m ? 1)/2 = 120, including
m = 15 main effects and m(m - 1)/2 = 105 pair-wise
epistatic effects. We now use j to index the jth genetic
effect (including additive and pair-wise epistatic effects)
for j = 1,…,p. We can rewrite model (1) as
y ¼ 1l þ
Xp
j¼1
Xjbj þ e: ð2Þ
Comparing model (2) to model (1), we can see that
Xj = Gl and bj = cl if the jth effect is a main effect, and
Xj = Gl 9 Gl0 and bj = cll0 if the jth effect is an epistatic
effect. Therefore, model (2) is a general model for both the
main and the epistatic effects. As far as the method of
estimating genetic effects is concerned, distinction between
a main effect and an epistatic effect is unnecessary (Xu and
Jia 2007).
QTL effects were estimated by the two-step approach of
Xu (2007). First, variance components were estimated by a
typical random model variance-component analysis using
maximum-likelihood method (Hartley and Rao 1967) and
second, estimation of QTL effect by best linear unbiased
prediction (BLUP) given the estimated variance compo-
nents (Robinson 1991; Xu and Jia 2007). This analysis
provided BLUP estimates of QTL effects bj and that value
was squared to calculate the genetic variance explained by
the QTL. Therefore, the total genetic variance of the
population was calculated as VGa ¼
Pp
j¼1 b
2
j  1; for jth
additive (main) effect and VGe ¼
Pp
j¼1 b
2
j  r2ðml  ml0Þ
for jth epistatic effect, where r2(ml 9 ml0) is the variance
of interaction between markers at l and l0 loci. The total
phenotypic variance for the population for each trait was
calculated as VP ¼
Pn
i¼1 Yi  Y
 2
=ðn  1Þ, where Yi is the
mean value of the ith genotype across environments, Y is
the average of all the mean values of all the genotypes for a
trait, and n is the number of genotypes. The proportion of
the phenotypic variance that is explained by the jth QTL
was calculated as H = VGa/VP for additive (main) effect
and H = VGe/VP for epistatic effect. To declare an esti-
mated effect as ‘‘significant,’’ each estimated effect was
converted into a t test statistic, tj ¼ jbjj=Sbj , and then fur-
ther converted in a LOD score using LODj ¼ t2j =4:61. All
effects with the LOD scores larger than a critical value
were declared as significant. The critical value was calcu-
lated by a permutation analysis (Churchill and Doerge
1994). The (1 - a) 9 100th percentile of the distribution
of the LOD scores of the reshuffled sample was a good
approximation of the true critical value, where a is a
controlled experimental type I error (Xu and Jia 2007).
Results
We used the eBayes option of PROC QTL (Hu and Xu
2009) to analyze the phenotypic data for different traits
(see ‘‘Materials and methods’’). The eBayes option of
PROC QTL implements the empirical Bayes method of Xu
Theor Appl Genet (2011) 122:759–769 761
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(2007). The computer program can be downloaded from
http://www.statgen.ucr.edu. The critical t values were cal-
culated for all additive (main) and epistatic effects and
most stringent values for all the phenotypic traits fell in the
3.8–4.0 range at an experimental type I error of a = 0.007,
but we chose a maximum critical value of 4.0 to avoid any
false detection of QTL (Table 1).
Root traits
All root characters measured showed significant QTL
effects on the short arm of chromosome 1 of rye and a total
of 15 QTL effects were found. Six of these were additive
and nine showed epistatic interactions (Table 1). Of the
nine epistatic interactions, five were inter-genomic inter-
actions between wheat and rye alleles and the rest were
intra-genomic interactions. The highest single additive
effect explained 57% of the phenotypic variation for NR;
the same effect explained 56% of the total phenotypic
variation for TRL (Table 1). This QTL is tightly linked to
marker Pm8, a powdery mildew resistance locus. The
highest intra-genomic epistatic effect explained 31% of the
phenotypic variance for DRW with a LOD score of 7.61
(Table 1; Fig. 1e). It was detected between two adjacent
regions marked on the map by loci Pm8 (13) and Gli-1,
Glu-3 (14) (Figs. 1e, 2a, b). The highest inter-genomic
epistatic effect was detected for NR. This inter-genomic
interaction involved Pm8 (13) and Xucr_2 (2) (Fig. 2a, c)
and explained 26% of the phenotypic variation with LOD
score of 4.69 (Table 1; Fig. 1a).
Shoot traits
With the exception of shoot biomass, no significant QTL
was detected for any shoot trait measured, and no signifi-
cant QTL effect was detected for the R/S. Two significant
intra-genomic epistatic effects were detected for SB. The
first one, Xucr_4(5) and Sr31(10) loci explained 42%
(LOD = 7.34) and the second one, Xucr_8(12) and Gli-1,
Glu-3(14) explained 16% (LOD = 6.80) of the phenotypic
variation (data not shown).
Mean comparisons
To check the effect of the presence of 1RS in wheat, the
mean of ‘‘Pavon 76’’ was compared with all the recombi-
nant lines with 1RS segments including Pavon 1RS.1BL
across the environments. Further, means of different
recombinants were compared relative to the position of
1RS segments in recombinants to validate the mapping of
root QTL located in the present study. Pavon 1RS.1BL
which contains the entire 1RS arm showed higher means
for root traits compared to Pavon 76. The recombinants
had, in general, higher means for root traits than Pavon 76
(Table 2). In both groups, 1B?lines and T-lines, the
overall means for root traits were higher than that of Pavon
Table 1 Significant genetic effects of different QTL linked with
different root traits, namely, number of roots greater than 30 cm
(NR [ 30), longest root length (LRL), total root length of roots
greater than 30 cm (TRL), shallow root weight (SRW), deep root
weight (DRW), and total root weight (TRW)
Root trait Marker I Marker II Genetics effect Proportion
of phenotypic variance
LOD score Type of effect
NR [ 30 cm 9 – 0.64 0.34 4.86* Additive
2 13 0.79 0.26 4.69* Epistatic
13 – 0.83 0.57 3.90* Additive
10 – 0.75 0.47 3.60* Additive
LRL 12 14 2.29 0.18 5.68* Epistatic
5 – 2.74 0.52 3.36a Additive
TRL 13 – 58.14 0.56 5.36* Additive
2 13 52.30 0.24 5.03* Epistatic
10 – 47.52 0.4 4.04* Additive
SRW 4 5 71.47 0.15 5.57* Epistatic
13 14 55.55 0.18 3.53* Epistatic
DRW 13 14 32.81 0.31 7.61* Epistatic
4 5 26.79 0.11 4.67* Epistatic
TRW 4 5 96.72 0.14 5.42* Epistatic
13 14 89.77 0.23 4.88* Epistatic
* Significant LOD scores (P = 0.007)
a Close to LOD threshold value
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76, but means of 1B?lines were higher than those of
T-lines (Table 2).
Discussion
Preliminary studies (Ehdaie and Waines 2006; Sharma
et al. 2009) indicated the distal region of 1RS covering ca.
15% of its genetic map, in the genetic background of bread
wheat Pavon 76, had a significant effect on root traits.
Since root traits are quantitative in nature and controlled by
polygenic inheritance (Ehdaie et al. 2001), it was expected
to find several QTL associated with the root traits studied.
Advantage of E-Bayesian statistics
There are many statistical approaches to identify and
estimate QTL effects such as linear regression model,
interval mapping, maximum-likelihood method, and
Bayesian statistics. Also, there are a number of software,
such as MAPMAKER/QTL and QTL Cartographer to map
QTL for different phenotypic traits in plants (Price and
Tomos 1997; Spielmeyer et al. 2007) as well as in animals
(Carlborg et al. 2005; Yi et al. 2006). The E-BAYES
method used in this study was chosen for its advantages
over other commonly available software and methods.
E-BAYES outperformed all other Bayesian methods, sto-
chastic search variable selection (SSVS), penalized likeli-
hood (PENAL), and least absolute shrinkage selection
operator (LASSO), in terms of minimizing the error vari-
ance. It made shrinkage very selective by providing opti-
mal estimates of variance components, with unshrinking of
large effects while small effects are shrunk to zero (Xu
2007). There were reports of an empirical Bayes method
developed by other groups (George and Foster 2000; Yuan
and Lin 2005) but they did not shrink each regression
coefficient by its own prior and also they were not as easy
to understand as E-BAYES developed by Xu (2007). In
Fig. 1 Three-dimensional
graphic representation of QTL
effects for six different root
traits of the 1RS-1BS
recombinant bread wheat
population. a Number of roots
greater than 30 cm (NR [ 30),
b longest root length (LRL),
c total root length of roots
greater than 30 cm (TRL [ 30),
d shallow root weight (SRW),
e deep root weight (DRW), and
f dry root biomass (TRW). The
main (additive) effects are on
the diagonals and the epistatic
effects are on the left triangle of
the 3D plots (the graphical
scales for LOD scores in
individual graphs are different,
as generated by the software
program)
Theor Appl Genet (2011) 122:759–769 763
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this study, E-Bayesian approach was applied for the first
time in wheat to dissect QTL for root traits.
Chromosome arm-specific mapping population
The mapping population was novel and different from
conventional mapping populations. It is analogous to
genome-wide introgression lines (ILs) (Eshed and Zamir
1994; Li et al. 2005) where two lines differ for a genomic
segment in an otherwise homogeneous background, with
the distinction here that the segments in question involved
two different genomes (homoeologous recombinants
between wheat and rye). In a recent study (Keurentjes et al.
2007), a comparison between mapping power of the RIL
cM
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Fig. 2 Diagrammatic representations of QTL for root traits on the
consensus genetic map of 1RS-1BS recombinant lines. a Values on
the left side of the 1RS-1BS map are genetic distances and right side
of the map show different markers. Values in the parentheses are the
number of markers used in this study as reference starting at 1 from
the proximal side of the 1RS-1BS map to 15 at the distal end. I, II, III,
and IV are the main regions comprising most of the QTL effects for
root traits, b location of different QTL effects on 1RS-1BS map,
yellow rectangles are the additive effects, green rectangles are intra-
genomic epistatic effects (between rye–rye or wheat–wheat loci), and
c location of inter-genomic epistatic interaction (between rye and
wheat loci), red rectangles connected by curved dashed line. Boxes
with borders show different root traits, NR number of roots greater
than 30 cm, LRL longest root length, TRL total root length of roots
greater than 30 cm, SRW shallow root weight, DRW deep root weight,
TRW total root weight
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(recombinant inbred line) and NIL populations revealed
that population size of RIL is more important than that of
replication number where, due to the Beavis effect (Xu
2003b), the explained variances are overestimated in
smaller populations. On the other hand, mapping power of
a NIL population rests more on the replication number
than population size (Keurentjes et al. 2007). The lower
localization resolution of NILs can be increased by gen-
erating chromosome- or region-specific mapping popula-
tions. The population in this study was a set of single
chromosome arm recombinant lines. In such sets, the two
parents differ by a single chromosome arm, the remaining
chromosome arm pairs being as identical as ca. 10 back-
crosses can achieve. This population has statistical
advantage in detecting QTL with relatively small pheno-
typic effects in fewer progeny than by analyzing a large
segregating population (Nadeau et al. 2000; Belknap
2003). It is due to the absence of phenotypic noise of
segregating unlinked QTL in usual mapping populations
with heterogeneous background. It was proved statistically
that a F2 intercross required a relative increase of at least
37% more progeny size than a chromosome-specific
population to detect single QTL on a chromosome, in the
absence of other QTL effects with substantial effect
(Singer et al. 2004). This increase would be much larger in
the presence of other QTL that contribute to the genetic
variance (Singer et al. 2004). Thus, an undetectable effect
in a large segregating population can be converted to a
detectible effect even in fewer progeny in a chromosome-
specific population (Nadeau et al. 2000; Singer et al.
2004). Nadeau et al. (2000) also proved this concept by
showing that a population of 28 mice specific for a single
chromosome was sufficient for convincing detection of a
specific trait locus which could be only weakly detected in
an intercross progeny of 300 individuals. This study went a
step further using a chromosome arm-specific population.
Here, the parent lines differed by the presence/absence of
the 1RS.1BL wheat–rye translocation. A set of 1RS-1BS
recombinant chromosomes was generated (Lukaszewski
2000), each one originating from a different crossover
event and therefore differing from all other recombinants
in the proportions of rye and wheat chromatin present.
This near-isogenic line approach in essence eliminates the
question of population size as a factor in QTL detection. If
a QTL is present on the studied arm, it will manifest itself
in any properly conducted experiment. The number of
lines/recombinants used only affects mapping resolution,
that is, the size of the segment to which a trait can be
assigned. Thus, 29 lines used in this study, which were
selected from a total of 68 recombinants each originating
from a single independent crossover, have a maximum
resolution of ca. 0.7 cM, a feat not frequently achieved in
mapping populations.T
a
b
le
2
M
ea
n
p
h
en
o
ty
p
ic
v
al
u
es
o
f
ro
o
t
an
d
sh
o
o
t
tr
ai
ts
fo
r
b
o
th
th
e
p
ar
en
ts
P
av
o
n
7
6
an
d
P
av
o
n
1
R
S
.1
B
L
an
d
1
R
S
-1
B
S
re
co
m
b
in
an
t
li
n
es
G
en
o
ty
p
e
N
N
R
L
R
L
T
R
L
S
R
W
D
R
W
T
R
W
N
T
P
H
L
L
L
W
L
A
S
B
R
/S
P
av
o
n
7
6
1
6
9
.0
8
9
.7
5
5
9
.7
3
7
4
.7
1
4
8
.9
5
2
3
.6
6
.5
5
2
.1
3
5
.7
1
.0
6
3
1
.1
1
6
2
3
.6
0
.3
6
P
av
o
n
1
R
S
.1
B
L
1
6
1
1
.2
9
0
.0
6
9
1
.7
4
0
5
.5
1
5
2
.0
5
5
7
.4
5
.8
5
4
.3
3
5
.8
1
.0
5
3
1
.0
1
6
0
4
.7
0
.3
9
D
t.
1
B
L
1
6
6
.5
7
8
.7
3
8
3
.1
1
8
7
.4
5
4
.7
2
4
2
.1
5
.4
5
3
.8
3
0
.7
0
.9
2
5
.5
1
0
9
5
.8
0
.2
9
R
ec
o
m
b
in
an
t
li
n
es
4
6
4
1
0
.2
8
3
.0
6
1
1
.9
4
1
1
.2
1
5
8
.0
5
6
9
.2
6
.8
5
3
.2
3
4
.7
1
.0
5
3
0
.2
1
6
4
1
.9
0
.3
9
T
-l
in
es
2
2
4
9
.8
8
1
.2
5
7
9
.4
3
9
7
.7
1
4
8
.6
5
4
6
.3
6
.5
5
2
.6
3
4
.4
1
.0
3
2
9
.4
1
5
5
9
.9
0
.3
9
1
B
?
li
n
es
2
4
0
1
0
.7
8
4
.7
6
4
2
.2
4
2
3
.8
1
6
6
.8
5
9
0
.6
7
.1
5
3
.9
3
4
.9
1
.0
7
3
0
.9
1
7
1
8
.5
0
.3
8
(1
B
?
li
n
es
)
II
,
II
I,
IV
Q
T
L
1
2
8
1
0
.8
8
4
.5
6
5
3
.7
4
1
9
.3
1
6
2
.2
5
8
1
.5
7
.1
5
3
.4
3
4
.8
1
.0
6
3
0
.5
1
7
0
3
.6
0
.3
9
(1
B
?
li
n
es
)
I,
II
,
II
I
an
d
IV
Q
T
L
6
4
1
0
.7
8
5
.1
6
3
2
.7
4
6
3
.4
1
8
8
.8
6
5
2
.2
7
.5
5
3
.8
3
6
.1
1
.0
6
3
1
.1
1
8
0
3
.1
0
.3
9
R
an
g
e
o
f
re
co
m
b
in
an
ts
7
.5
–
1
2
.0
7
1
.9
–
9
1
.9
4
1
1
.2
–
7
3
3
.2
2
8
3
.4
–
5
8
6
.3
7
7
.0
–
2
3
2
.7
3
6
0
.2
–
8
1
9
.0
5
.1
–
8
.4
4
8
.4
–
5
8
.4
3
0
.8
–
3
9
.7
0
.9
6
–
1
.1
7
2
6
.6
–
3
5
.4
1
2
0
7
.8
–
2
1
1
9
.8
0
.3
4
–
0
.4
4
N
n
u
m
b
er
o
f
p
la
n
ts
p
er
m
ea
n
ac
ro
ss
g
en
o
ty
p
es
9
fo
u
r
se
as
o
n
s
9
fo
u
r
re
p
li
ca
ti
o
n
s,
N
R
n
u
m
b
er
o
f
ro
o
ts
g
re
at
er
th
an
3
0
cm
,
L
R
L
lo
n
g
es
t
ro
o
t
le
n
g
th
(c
m
),
T
R
L
to
ta
l
ro
o
t
le
n
g
th
o
f
ro
o
ts
g
re
at
er
th
an
3
0
cm
,
S
R
W
sh
al
lo
w
ro
o
t
w
ei
g
h
t
(g
),
D
R
W
d
ee
p
ro
o
t
w
ei
g
h
t
(g
),
T
R
W
to
ta
l
ro
o
t
w
ei
g
h
t
(g
),
N
T
n
u
m
b
er
o
f
ti
ll
er
s,
P
H
p
la
n
t
h
ei
g
h
t
(c
m
),
L
L
lo
n
g
es
t
le
af
le
n
g
th
(c
m
),
L
W
m
ax
im
u
m
w
id
th
o
f
th
e
lo
n
g
es
t
le
af
(c
m
),
L
A
le
af
ar
ea
(c
m
2
),
S
B
sh
o
o
t
b
io
m
as
s
(g
),
an
d
R
/S
ro
o
t
to
sh
o
o
t
b
io
m
as
s
ra
ti
o
,
R
ec
o
m
b
in
a
n
t
li
n
es
al
l
2
9
re
co
m
b
in
an
ts
u
se
d
,
T
-l
in
es
1
4
re
co
m
b
in
an
ts
w
it
h
d
is
ta
l
w
h
ea
t
se
g
m
en
t,
1
B
?
li
n
es
1
5
re
co
m
b
in
an
ts
w
it
h
d
is
ta
l
ry
e
se
g
m
en
t;
(1
B
?
li
n
es
)
II
,
II
I,
a
n
d
IV
Q
T
L
ei
g
h
t
re
co
m
b
in
an
ts
w
it
h
d
is
ta
l
m
o
st
1
R
S
re
g
io
n
co
n
ta
in
in
g
Q
T
L
re
g
io
n
s
II
,
II
I,
an
d
IV
;
(1
B
?
li
n
es
)
I,
II
,
II
I,
a
n
d
IV
Q
T
L
fo
u
r
re
co
m
b
in
an
ts
w
it
h
d
is
ta
l
m
o
st
1
R
S
re
g
io
n
co
n
ta
in
in
g
Q
T
L
re
g
io
n
I,
II
,
II
I,
an
d
IV
Theor Appl Genet (2011) 122:759–769 765
123
Dissection of QTL effects for root traits
We examined a total of 13 phenotypic traits including
seven shoot traits and six root traits. A total of 15 QTL
effects for root traits were detected using the E-BAYES
method. Further partitioning of the root QTL showed six
additive effects and nine epistatic effects. Two different
types of epistatic effects were recognized that we termed
intra-genomic and inter-genomic epistatic effects. Intra-
genomic epistatic effect resulted from interaction between
the alleles of two different loci of either rye or wheat. Inter-
genomic epistatic effect involved interaction between dif-
ferent alleles of two loci of different genomes, such as one
from wheat and one from rye. Pumphrey et al. (2009)
reported allelic interactions between different genomes of
bread wheat in a synthetic hexaploid T. aestivum. The
differential root traits among wheat genotypes with 1RS
translocation on 1AL, 1BL, and 1DL (Ehdaie et al. 2003)
could likely be due to inter- and intra-genomic epistatic
interactions.
Pleiotropy
Here, most of the additive and epistatic effects detected for
variation in different root traits shared common QTL
regions. Markers Sr31 (10) and Pm8 (13) shared the QTL
with additive (main) effects for NR and TRL (Fig. 2b).
One of these markers, Pm8, showed inter-genomic epistatic
interaction with Xucr_2 (2) and this epistatic effect was
again common for NR and TRL (Fig. 2c). NR was affected
by four QTL involving almost all markers within the distal
15% of the 1RS-1BS genetic map. Three QTL effects were
involved in the expression of TRL and all three shared the
same region as for NR. All three characters for root bio-
mass, viz., SRW, DRW, and TRW, showed two epistatic
effects each, and both epistatic effects were common. Pairs
of loci involved were NOR (4) and Xucr_4 (5) for inter-
genomic epistatic effect (Fig. 2c) and Pm8 (13) and Gli-1,
Glu-3 (14) for the other intra-genomic epistatic effect
(Fig. 2b). Pm8 (13) and Gli-1, Glu-3 (14) were the com-
mon loci, also, involved in significant gene interactions
even for unrelated root traits of length and weight. This
repetitive detection of the associations of the same markers
with QTL effects for different root traits consolidates the
possibility of either tight linkage or pleiotropy.
Epistasis between loci without main effect
In conventional QTL mapping, the focus is on detecting the
QTL with main (additive) effects and then applying an
epistatic model to examine the epistatic effect between the
QTLs with main effects. In nature, there are loci with small
genetic effects which sometimes go undetected in a
phenotype but their interaction with other similar loci may
have a significant effect. It would be a disadvantage not to
include them in the genetic model. Here, we proved the
superiority of our method in detecting epistatic effects
between two pairs of loci and none of those two pairs of loci
had main effects as against other methods where epistatic
effects were estimated for loci with main effects only (Kao
and Zeng 2002; Maccaferri et al. 2008). This has clearly
been shown in the intra-genomic epistatic effects between
pairs of loci, Xucr_8 (12) and Gli-1, Glu-3 (14) for LRL.
Similar intra- and inter-genomic epistatic effects were also
explained for SRW, DRW, and TRW. All these three
characters for root biomass showed two pairs of loci
involved in two different epistatic interactions and none of
these loci had detectable additive effect for these characters.
We studied seven shoot characters for the estimation of
QTL effects. Interestingly, we did not find any significant
main or epistatic effect for any of the shoot characters
except SB. One intra-genomic epistatic effect for SB
shared the QTL with LRL (data not shown). A recent QTL
study on durum wheat for shoot characters found several
QTL on other chromosomes than 1B except for plant
height (Maccaferri et al. 2008). Similarly, small QTL
effects for NT and PH were detected in this study but they
fell short of LOD threshold value (data not shown).
Major QTL regions
Four regions were identified that carry almost all the QTL
with both additive and epistatic effects (Fig. 2). In Fig. 2,
they have been marked as I, II, III, and IV as we move from
the centromere toward the telomere. Region I was involved
in five of the six root traits and covered 0.7 cM, which is
the highest resolution we could obtain. Region II involved
only one marker, Sec-1 (9), showing a single additive effect
(NR). Region III covered 0.7 cM and was involved in two
main QTL effects for NR and TRL along with one epistatic
effect for SB. Region IV covered 3.7 cM with three
markers. This region indicated the presence of QTL effects
for all the root traits and also for SB. Three of four QTL
regions were located in the satellite region of chromosome
1RS. Two of them were located in the distal most 10% of
the 1RS region which is in agreement with previous studies
(Ehdaie and Waines 2006; Sharma et al. 2009).
Validation with mean comparisons
In Table 2, mean comparisons of Pavon 76, Pavon
1RS.1BL, and all the recombinant lines also revealed the
higher mean values of root traits in the presence of 1RS
chromatin. The presence of distal 1RS segments
(1B ? lines) showed higher mean values for root traits
than the presence of proximal 1RS (T-lines). Lower mean
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values of T-lines may be attributed to the missing distal
segment with two markers in all T-lines, one of which
belonged to QTL IV. As discussed earlier, three of four
QTL regions identified were located in the distal 10% of
the 1RS-1BS arm. For further mean comparisons,
1B ? lines involving QTL regions IV, III, and II were
chosen due to their close proximity with each other. As
expected, they showed the higher mean values for root
traits compared to T-lines, and significantly higher than
those of Pavon 76. The comparison of 1B ? lines with
distal 1RS up to region IV showed higher mean values than
Pavon 76, Pavon 1RS.1BL, and all the different sets of
recombinant lines. These mean comparisons confirmed the
detection of QTL using the E-BAYES method. From the
above discussed mean comparisons of recombinant lines, it
was obvious the distal part of 1RS is important for root
traits in bread wheat. Hence, we propose the rye loci as
major contributors in most of the additive effects and intra-
genomic epistatic interactions detected for root traits.
Root traits in cereals were associated with drought tol-
erance. An earlier study (Waines et al. 1998) revealed the
association of rye 1RS, 2RS, 5R, and 7R chromosomes and
chromosome arms with drought tolerance. Other recent
studies confirmed the involvement of these rye chromo-
somes in drought tolerance in the bread wheat background
(Koszegi et al. 1996; Mohammadi et al. 2003). In cv.
Chinese Spring, all seven rye chromosomes appeared to
carry genes influencing drought tolerance and evapo-tran-
spiration efficiency (Waines et al. 1998). The methodology
used in this article may provide a general method to ana-
lyze these other chromosome arms for QTL analysis and
study of epistatic effects.
Here, we addressed the nature of QTL effects for root
traits in wheat by studying the additive allelic effects and
the intra- and inter-genomic epistatic interactions contrib-
uted by rye 1RS. This study provided important informa-
tion on root genetics which can be pivotal for alien
introgressions of genes involved in complex traits. This
may also be helpful in marker assisted selection by
selecting for a desired combination of alleles for root
manipulation toward better adaptability and stability to
drought stressed environments. The combined use of a
chromosome arm-specific mapping population and an E-
Bayesian approach is novel and makes it possible to study
genetic interactions with greater sensitivity and precision
than can be done in natural or segregating populations.
This may also be another valuable approach to understand
complex traits in other organisms.
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